On the basis of density functional theory, we studied the energetics, geometries, and electronic structures of dicoronylene molecules (coronene dimers) and one-dimensionally polymerized coronene molecules. Our calculations showed that the relative stability of the coronene dimers and polymers strongly depends on the mutual arrangement of molecules with respect to the polymer or dimer directions: the coronene dimer and the polymer with six-membered rings in the intermolecular bonds are the most stable structures among the three possible intermolecular arrangements. The dimer possesses a large energy gap between the highest occupied and lowest unoccupied states, which is narrower than that of the isolated coronene. The polymers are semiconductors with a moderate direct band gap and a large indirect gap for the polymers with six-membered and four-membered rings and that with five-membered rings, respectively, indicating the possibility of the electronic structure control of polymers via the intermolecular arrangement.
Introduction
In this decade, graphene has been attracting a great deal of attention due to its unusual electronic and geometric structures, [1] [2] [3] [4] [5] [6] [7] [8] which suggest its possible use as a constituent material for electronic, energy, sensing, and spintronic devices in the near future. [9] [10] [11] [12] [13] [14] For sions are determined by the molecular shape and size of the precursor. In addition, the origomerization and polymerization of coronene molecules (C 24 H 12 ) 19, 20) inside carbon nanotubes has been experimentally demonstrated. The resulting structures can be regarded as a prototype of narrow graphene nanoribbons with edge roughness. 21, 22) Despite intensive experimental works on one-dimensional chains of polymeric coronene, detailed geometric and electronic structures of the polymeric phases have not yet been determined, because there are several possible intermolecular arrangements, which sensitively affect the physical properties of these coronene polymers.
In this work, we study the geometric and electronic structures of dicoronylene molecules and one-dimensionally polymerized coronene molecules based on firstprinciples total-energy calculations to obtain a theoretical insight into the fundamental properties of ultranarrow graphene nanoribbons with edge roughness. Our calculations show that two of the three dicoronylenes studied here have relatively small total energy.
The electronic structures of these dicoronylenes have a wide energy gap between the highest occupied and lowest unoccupied states, similarly to a coronene monomer. By connecting these dicoronylenes by cyclodehydrogenation, we consider three structures of one-dimensionally polymerized coronene. These three polymeric coronene chains are semiconductors with direct and indirect energy gaps depending on the mutual intermolecular arrangement. We also demonstrated that the polymers possess a moderate
Young's modulus of 530-620 GPa. The results indicate that coronene and the dicoronylenes can be constituent units for narrow semiconducting wires with moderate mechanical strength, whose electronic structures are tunable by controlling the intermolecular cyclodehydrogenation.
Calculation methods and structural model
All calculations were performed in the framework of density functional theory (DFT) 23, 24) zone was carried out using the Γ point and an equidistant mesh of 4-k points for dicoronylene molecules and coronene polymers, respectively. Structural optimization was performed until the remaining force acting on each atom was less than 5 mRy/Å for each lattice constant.
Results and discussion
We consider three dicoronylene molecules, which are generated by the cyclodehydrogenation of coronene molecules. Table I , the optimized bond lengths of the dicoronylenes are 1.38-1.43Å within the coronene unit, which are almost identical to those in a coronene monomer. For the intermolecular bonds, the optimized lengths are 1.46, 1.47, and 1.49Å for six-membered, five-membered, and four-membered rings, respectively. The total energies of the dicoronylenes are listed in Table II . The isomer containing a six-membered ring between molecules is the most stable among the three isomers studied here. On the other hand, the isomer with the four-membered ring is the least stable. The relative stability of the isomer with a five-membered ring with respect to that of the isomer with a six-membered ring is the same as that of the π electron energy evaluated in an early Huckel calculation.
28) The relative stability of the three isomers is attributed to the distortion of intermolecular bonds from the ideal sp 2 covalent bond.
As shown in Fig. 1 and listed in Table I , the intermolecular bonds of the four-membered and five-membered rings are slightly elongated compared with those of the hexagonal ring. Furthermore, the four-membered ring considerably increases the total energy of the isomer compared with those of the other two isomers due to the highly distorted intermolecular bonds. (Table III) . The total energy and Young's modulus of the coronene polymers are summarized in Table IV . The polymer with six-membered rings has a lower total energy than the poly-
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Polymer [5] (c) mers with five-membered and four-membered rings by 0.57 and 2.51 eV per coronene molecule, respectively. Thus, the polymer with six-membered intermolecular rings is the most stable among the three polymers studied here. Furthermore, as in the case of dicoronylene molecules, the polymer with five-membered rings has a slightly higher total energy than the polymer with six-membered rings, indicating that the polymer is also stable under ambient conditions. We also calculated the Young's modulus of the coronene polymers. To calculate the Young's modulus, we chose 3.35Å as the thickness of the polymers, corresponding to the van der Waals thickness of graphitic materials as used in previous works. 29, 30) As shown in Table IV , the coronene polymers exhibit moderate stiffness with Young's moduli of 619, 624, and 527 GPa for the polymers with six-membered, five-membered, and four-membered rings, respectively, although some of these polymers have distorted C-C bonds. Further investigation on the electronic energy bands of these polymers was carried out to clarifyunravel the unusual nature of their valence electron states: the band dispersion of several states is narrower than that of graphene nanoribbons without edge roughness.
In particular, we found that all the electronic states of the polymer with five-membered rings exhibit a considerably small dispersion with a width of less than 1 eV, reflecting the peculiar bond arrangement between adjacent coronene molecules: one of the two coronenes has armchair edges while the other has zigzag edges. These small band dispersions are attributed to the edge roughness reflecting the shape of the coronene molecule, leading to the localization of particular electron states on each molecule. 
Conclusions
We studied the geometric and electronic structures of dimerized and one-dimensionally polymerized coronene molecules by first-principles total-energy calculation within the framework of DFT. Our calculations show that two of the dicoronylene molecules, which have been experimentally synthesized, have a relatively small total energy. While the remaining isomer has a higher total energy than these isomers by about 1 eV per coronene molecule, ascribed to the formation of four-membered rings between the coronene molecules. Cyclodehydrogenation led to a decrease in the energy gap between the highest occupied and lowest unoccupied states of dicoronylene compared with that of an isolated coronene molecule. In the case of polymerized coronene, we found that the polymer with six-membered rings is the most stable of the isomers studied here. In addition, we also found that the total energy of the polymer with five-membered rings is slightly higher than that of the ground-state structure by 0.57 eV per coronene. On the other hand, the remaining polymer containing four-membered rings is the least stable, whose energy is 2.5 eV higher than that of the polymer with six-membered rings. These polymers possess moderate mechanical stiffness with a Young's modulus of about 600
GPa. All polymers are semiconductors with direct and indirect energy gaps of about 0.8 and 1.5 eV, respectively, depending on the mutual arrangement of the coronene 
